Previous studies have suggested that P. aeruginosa possesses redundant zinc uptake systems. To identify uncharacterized zinc transporters, we analyzed the genome-wide transcriptional responses of P. aeruginosa PA14 to zinc restriction. This approach led to the identification of an operon (zrmABCD) regulated by the zinc uptake regulator Zur, that encodes for a metallophore-mediated zinc import system. This operon includes the genes for an uncharacterized TonB-dependent Outer Membrane Protein (ZrmA) and for a putative nicotianamine synthase (ZrmB). The simultaneous inactivation of the ZnuABC transporter and of one of these two genes markedly decreases the ability of P. aeruginosa to grow in zinc-poor media and compromises intracellular zinc accumulation. Our data demonstrate that ZrmB is involved in the synthesis of a metallophore which is released outside the cell and mediates zinc uptake through the ZrmA receptor. We also show that alterations in zinc homeostasis severely affect the ability of P. aeruginosa to cause acute lung and systemic infections in C57BL/6 mice, likely due to the involvement of zinc in the expression of several virulence traits. These findings disclose a hitherto unappreciated role of zinc in P. aeruginosa pathogenicity and reveal that this microorganism can obtain zinc through a strategy resembling siderophoremediated iron uptake.
Introduction
The stability and activity of a very large number of proteins is necessarily dependent on the incorporation of transition metals (Waldron et al., 2009) . Consequently, these elements play indispensable roles in living systems and all cells are characterized by homeostatic mechanisms that ensure the accurate control of their intracellular concentration. Important advancements in our understanding of the mechanisms by which cells acquire adequate amounts of these elements in metalpoor environments or prevent their unwanted accumulation have been recently provided by investigations on the interaction between bacterial pathogens and their hosts (Becker and Skaar, 2014, Palmer and Skaar, 2016) . These studies have revealed, for example, that different phagocytic cells attempt to control infections by poisoning bacteria with elevated concentrations of zinc and copper (White et al., 2009; Botella et al., 2011; German et al., 2013; Djoko et al., 2015) . Simultaneously, always with the aim of reducing microbial proliferation, different strategies are activated by the host to limit metal concentration and availability at mucosal and systemic infection sites (Diaz-Ochoa et al., 2014; Crawford and Wilson, 2015; Zackular et al., 2015) . Therefore, the ability of pathogens to establish infection in specific hosts is dependent on metal detoxification mechanisms useful to resist to metal intoxication in phagocytes and on highly efficient metal acquisition systems that ensure adequate metal uptake in metal poor environments.
In recent years, it has clearly emerged that the ability of pathogenic bacteria to thrive in their hosts is significantly affected by their capacity to recruit zinc at infection sites (Cerasi et al., 2013; Capdevila et al., 2016) . In many bacteria, the high affinity zinc uptake system ZnuABC plays a central role in the response to zinc shortage (Cerasi et al., 2013) . Expression of this transporter is tightly regulated by the zinc-dependent transcription factor Zur that coordinates the expression of a set of genes required to adapt bacterial responses to conditions of zinc paucity (Patzer and Hantke, 1998) . In bacteria such as Salmonella enterica sv Typhimurium, where ZnuABC is the only metal import system with high affinity for zinc, inactivation of this transporter causes a dramatic loss of pathogenicity (Ammendola et al., 2007; Liu et al., 2012) . Less marked effects on bacterial virulence are associated to the loss of ZnuABC in bacteria such as Listeria monocytogenes (Corbett et al., 2012) , Neisseria meningitides (Stork et al., 2010) , Yersinia pestis (Desrosiers et al., 2010; Bobrov et al., 2014) and Acinetobacter baumannii (Mortensen and Skaar, 2012; Mortensen et al., 2014) which express redundant systems for the efficient uptake of zinc.
Recently, different laboratories have undertaken investigations on the mechanisms of zinc uptake in Pseudomonas aeruginosa, an ubiquitary and metabolically flexible microorganism responsible of acute and chronic infections in cystic fibrosis (CF) and other immunocompromised patients. Disruption of znuABC proved to have remarkable effects on the expression of some virulence related traits (D'Orazio et al., 2015) , but only marginally affected the ability of Pseudomonas to proliferate in metal poor environments (Ellison et al., 2013; D'Orazio et al., 2015; Pederick et al., 2015) . Mutant strains lacking a functional ZnuABC exhibit just a limited growth defect in media containing only traces of zinc and display very high resistance to the antimicrobial activity of the neutrophilic zinc-sequestering protein Calprotectin, one of the most abundant proteins in the sputum from CF patients MacGregor et al., 2008) . These results suggest that P. aeruginosa possesses other efficient zinc uptake systems able to compensate for the loss of a functional ZnuABC transporter. Here, we describe the characterization of another Zur-regulated metal import system that facilitates zinc recruitment from the extracellular environment based on a small molecular weight metallophore related to nicotianamine.
Results
To identify putative metal transporters contributing to zinc import in P. aeruginosa, we compared the genome wide expression profile of wild type PA14 grown in the zinc restricted Vogel Bonner minimal medium (VB-MM) and in the same medium supplemented with 3 mM Zn. We identified 116 genes that are significantly upregulated and 67 genes that are significantly downregulated under the condition of zinc deficiency (Table 1 and Supporting Information Table S1 ). In agreement with the pleiotropic role of this metal ion that is estimated to be a cofactor in 4-6% of all bacterial proteins (Andreini et al., 2006) , differentially regulated genes are involved in diverse cellular functions. Genes affected by zinc deficiency encode for: enzymes participating in different metabolic pathways, proteins participating in gene expression (ribosomal proteins, transcription factors, tRNA synthases, proteins involved in DNA repair), enzymes involved in cell wall biosynthesis, proteins linked to Pseudomonas virulence and a large number of membrane proteins involved in the transport of metabolites and metal ions (Supporting Information Table S2 ). Among the genes that proved to be more markedly induced by zinc deficiency, some are already known as being regulated by Zur, the transcriptional regulator governing bacterial responses to zinc shortage (Patzer and Hantke, 1998 ) (see Supporting Information Table S3 for a list of known Zur-regulated genes in P. aeruginosa). These include PA14_17700, PA14_26390, PA14_26400, PA14_39620 and the genes clustered in the operons PA14_73000-PA14_73020 and PA14_63910-PA14_63960. PA14_17700 encodes for a zinc-independent L31 ribosomal protein (Makarova et al., 2001 ). PA14_26390 and PA14_26400 are two members of an ABC transport system inferred to participate to the uptake of vitamin B12 or of an iron-siderophore. The genes clustered in the operon PA14_73000-PA14_73020 encode, respectively, for a protein of unknown function, for a protein annotated as a 4-hydroxytetrahydrobiopterin dehydratase involved in cobalamin synthesis and for DksA2, a zinc independent paralog of the transcriptional regulator DksA (Blaby- Haas et al., 2011; Furman et al., 2013) . In addition, we found that also the neighbor gene PA14_72980 is upregulated under zinc deficiency. Both PA14_73010 and PA14_72980 encode for proteins of the COG0523 family possibly serving the role of Zn metallochaperones (Haas et al., 2009; Nairn et al., 2016) , although their exact role in zinc homeostasis is yet to be determined. Between the most strikingly upregulated genes there are those belonging to the PA14_63910-63960 cluster. The first gene of this operon, PA14_63960, encodes for a TonB-dependent outer membrane protein showing similarities with siderophore receptors. PA14_63940 encodes a protein showing high similarity to nicotianamine synthase (NAS), an enzyme that catalyzes the synthesis of the metal binding molecule nicotianamine (NA), which has a key role in iron and zinc homeostasis in plants (Hofmann, 2012; Clemens et al., 2013) , and 41.6% similarity to the NAS-like CntL enzyme of Staphylococcus aureus (Ghssein et al., 2016) . PA14_63920 encodes for an uncharacterized protein with an NAD(P)H-binding site, sharing 51.9% sequence similarity with the octopine dehydrogenase CntM of S. aureus (Ghssein et al., 2016) . PA14_63910 encodes for an additional inner membrane transporter with an EamA domain. This operon is an interesting candidate as a contributor to zinc homeostasis for several reasons: (i) as determined in our transcriptome analysis it is highly upregulated by zinc deficiency, and it is a member of the Zur-regulon (Pederick et al., 2015) ; (ii) it is predicted to participate to divalent metal transport and a recent work suggested that it may contribute to iron uptake (Gi et al., 2015) ; (iii) recent studies have shown that some bacteria use TonB-dependent receptors to obtain zinc (Stork et al., 2010; Hood et al., 2012) ; (iv) S. aureus genes similar to PA14_63940 and PA14_63920 are involved in the synthesis of staphylopine, a NA-like metallophore able to mediate the import of divalent metal ions (Ghssein et al., 2016) . In addition, PA14_63960 is one of the most upregulated genes in P. aeruginosa recovered from the sputum of CF patient (Son et al., 2007) and in other infection-related conditions (Palmer et al., 2005; Bielecki et al., 2013) . In view of the regulation by Zur (see below) and of the similarity of PA14_63940 and PA14_63920 with S. aureus genes involved in the synthesis of the metallophore staphylopine (Supporting Information Fig. S1 ), from now on the PA14_63910-PA14_63960 operon will be denominated zrmABCD (Zurregulated metallophore).
To validate the microarray results, we checked the expression of five upregulated [the Zur-regulated genes zrmA (PA14_63960), rpmE2, dksA2 and PA14_39620 and PA14_16600 which encodes for a metal transporting P-type ATPase that is not controlled by Zur] and two downregulated genes (pvdA and PA14_67340) by quantitative reverse transcription PCR (qRT-PCR). This analysis confirmed that these genes are modulated by zinc deficiency (Supporting Information Fig. S2A ). The expression of these seven genes was analyzed by qRT-PCR also in bacteria grown in LB medium supplemented with EDTA. The presence of this chelating agent caused a very strong induction of all the Zur-regulated genes and of pvdA. In contrast, EDTA repressed the expression of PA14_16600 (Supporting Information Fig. S2B ).
The zrmABCD operon is regulated by Zur and is induced under zinc deficiency Although previous studies have suggested that the zrmABCD cluster is involved in iron uptake (Gi et al., (Pederick et al., 2015) , a PAO1 zur mutant strain was transformed with a plasmid (pzrmApTZ110) bearing a gene fusion between the promoter upstream zrmA and the LacZ coding sequence. This promoter is highly active in PAO1 strains grown in VB-MM (Fig. 1A) . However, whereas zinc is able to repress zrmA expression in wild type PAO1, it is not able to affect its expression in the zur mutant strain. Noticeably, iron supplementation slightly decreases zrmA expression in bacteria growing in VB-MM, but to a much lower extent than zinc. In contrast, zrmA is poorly expressed in wild type PAO1 growing in the metal rich medium LB, whereas its expression is significantly induced in the mutant strain lacking the repressor Zur (Supporting Information Fig.  S3 ). EDTA strongly induces the expression of the reporter gene in the wild type strain grown in LB, but does not modulate its expression in the zur mutant strain, demonstrating that this operon is under control of Zur. To gain more insight into the metal regulation of zrmA, the expression of the zrmA promoter was further analyzed also in PA14 grown in VB-MM supplemented with a wider range of transition metals. Taking into account the inhibitory effects on Pseudomonas growth of higher cobalt and nickel concentrations (Supporting Information Fig. S4 and data not shown), metals were added to a 2 mM concentration. Zn and Co, unlike Fe, Cu or Ni, were able to significantly repress zrmA expression (Fig. 1B) . Zn-dependent regulation of this promoter was confirmed also in artificial sputum medium (ASM; Fig. 1C ) that mimics the altered mucus environment of CF infections. Experiments carried out with bacteria cultivated in LB containing the chelating agent TPEN indicated that zrmA expression is induced by zinc depletion either in the logarithmic or in the stationary phase (Supporting Information Fig. S5 ). Moreover, the expression of zrmA proved to be higher in the znuA mutant strain than in the wild type strain in response to zinc shortage (Supporting Information Fig.  S6 ), likely due to reduced levels of available intracellular Fig. 1 . The zrmABCD operon is regulated by Zur and is induced by zinc deficiency. A. Differences in zrmA expression in wild type (black) and zur mutant (white) strains in VB-MM medium. Wild type PAO1 and zur mutant strains carrying plasmid pzrmApTZ110 were grown overnight in VB-MM, VB-MM containing 5 lM ZnSO 4 or VB-MM containing 5 lM FeSO 4 . b-galactosidase activity was determined as described in Materials and Methods. Two-way ANOVA and Bonferroni post hoc test were performed to assess significant differences. * p < 0.05, ** p < 0.01. B. Expression of zrmA in wild type PA14 in VB-MM, VB-MM with 2 lM ZnSO 4 , 2 lM Co(NO 3 ) 2 , 2 lM FeSO 4 , 2 lM CuSO 4 or 2 lM NiSO 4 . C. Expression of zrmA in wild type PA14 in ASM medium, ASM with 2 lM ZnSO 4 , ASM with 2 lM FeSO 4 . Assays were performed in triplicate, each strain was tested in three independent experiments, and significant differences were analyzed by one-way ANOVA and Bonferroni post hoc test. * p < 0.05, ** p < 0.01. zinc in the cytoplasm of this mutant strain. In contrast, the operon was not induced in a strain lacking pvdA, a gene catalyzing an early step in the biosynthesis of the siderophore pyoverdine, further supporting the idea that the ZrmABCD metal transport system is not directly involved in iron acquisition.
ZrmA contributes to bacterial growth in zinc devoid media
To evaluate the possible participation of the zrmABCD operon to zinc homeostasis, we have generated PA14 and PAO1 mutant strains lacking zrmA and double mutants lacking both znuA and zrmA. In all the experiments described in this study, we did not observe any significant difference between the PA14 and PAO1 strains. All mutant strains showed growth comparable to their isogenic wild type strains in LB medium (data not shown). The single zrmA mutant showed only a limited growth defect in VB-MM, whereas the double znuAzrmA mutant showed an impairment in growth much greater than that of the znuA mutant strain (Fig. 2A) . The growth defect of the double mutant was significantly reduced, but not completely abolished, in VB-MM supplemented with zinc (Fig. 2B ). This growth defect of the znuAzrmA mutant was further enhanced in presence of EDTA (Fig. 2C ). These observations support the hypothesis that both ZrmA and ZnuA participate to zinc uptake.
The growth of the same strains was also analyzed in ASM (Fig. 2D) . In this medium, the single mutant lacking zrmA exhibits an evident growth defect, that, however, is lower than that of the znuA mutant strain. Again, the znuAzrmA strain is impaired with respect to znuA. These growth defects of single mutant strains were not observed in ASM supplemented with zinc, whereas the znuAzrmA strain showed markedly reduced growth (data not shown).
Disruption of znuA or zrmA alters the intracellular zinc content
To prove the involvement of ZrmA in P. aeruginosa zinc homeostasis, we measured the intracellular content of several metal ions in wild type, znuA, zrmA and znuAzrmA mutant strains by inductively coupled plasma mass spectrometry (ICP-MS). In a previous study, we found that the intracellular zinc content of a znuA strain grown in VB-MM is comparable to that of the wild type strain (D'Orazio et al., 2015) , but this observation was in contrast to the results reported by another study (Pederick et al., 2015) . As we failed to identify differences in zinc content also between wild type and znuA Salmonella strains grown in VB-MM (Ciavardelli et al., 2011) , we hypothesized that the different results obtained in the two studies on P. aeruginosa could be correlated with the lower amount of zinc present in VB-MM (600 nM) compared to the medium used by Pederick et al. (800 nM) (Pederick et al., 2015) . For this reason, we have initially measured metal content in bacteria grown in VB-MM supplemented with 200 nM zinc and 100 nM of each of the following metals: Fe, Cu, Ni, Co and Mn. Figure 3A shows the intracellular concentration of zinc in the znuA and znuAzrmA mutants grown in this medium is significantly lower compared to the wild type strain. No alterations in the intracellular content of Fe ( Fig. 3B ) or other divalent metals were observed in these strains. Subsequently, metal content was analyzed in P. aeruginosa strains grown in VB-MM supplemented with the same metal amounts, but containing also 5 mM EDTA. All the strains growing in this medium exhibited a decrease in zinc content (Fig. 3C) . Noticeably, the zinc content of the zrmA mutant was significantly lower than that of the wild type strain and the znuAzrmA strain contained less zinc than the znuA strain. This result demonstrates that ZrmA significantly contributes to zinc uptake in bacteria growing in environments containing zincsequestering agents. Bacteria growing in presence of EDTA did not show differences in the content of Fe, Cu and Mn (Fig. 3D , G, H), and the apparent increase in Ni content did not reach statistical significance (Fig. 3F ). In contrast, deletions of znuA and zrmA had significant, but contrasting effects on Co content (Fig. 3E ), which suggest that ZrmA promotes the uptake of this metal in bacteria unable to import Zn through ZnuABC. This result matches with previous reports on alterations of cobalt content in P. aeruginosa znuA strains under zinc limitation (D'Orazio et al., 2015; Pederick et al., 2015) . The increased cobalt content of the znuA mutant and the observation that this metal may repress the expression of zrmA (Fig. 2B ) prompted us to analyze the possibility that P. aeruginosa can use cobalt as a substitute of zinc. Supporting Information Fig. S4A shows that the znuA promoter is efficiently repressed by cobalt, indicating that cobalt not only regulates the whole Zur regulon but also the zrmABCD operon. Moreover, cobalt ions promote the growth of the znuAzrmA mutant strain, but not of the wild type strain, in environments poor of zinc (Supporting Information Fig. S4B ), supporting the hypothesis that cobalt can partially compensate for zinc paucity.
Deletion of zrmA affects the activity of extracellular proteases
We have previously shown that disruption of the gene encoding for ZnuA has a significant impact on the ability of P. aeruginosa to export active Zn-dependent proteases (D'Orazio et al., 2015) . To demonstrate that ZrmA contributes to zinc homeostasis in this microorganism, we measured extracellular protease activity in mutant strains grown in VB-MM. Figure 4A shows that the deletion of zrmA significantly decreases the ability of bacteria to release extracellular active proteases, although to an extent lower than that observed for the znuA mutant strain. Noticeably, the extracellular protease activity in the znuAzrmA double mutant is below the detection limit of the assay. Extracellular protease activity is clearly higher in strains cultivated in VB-MM supplemented with zinc. Under this condition, the protease activity in the supernatants from the zrmA mutant is comparable to that of the wild type strain, whereas strains lacking znuA or znuAzrmA show significantly reduced activity. When the assay was carried out using a buffer containing 10 lM ZnSO 4 , the protease activity largely increased in all samples, except the one obtained from the znuAzrmA mutant grown in standard VB-MM (Fig. 4B ). This observation suggests that a reduction in the intracellular content of zinc affects the ability to produce and/or export extracellular proteases. In agreement with this trend, we have observed that the activity of the zinc-dependent staphylolytic protease LasA, which is hardly detectable in the supernatants from the znuAzrmA double mutant strain (Fig. 4C) , is only partially restored in bacteria growing in VB-MM supplemented with 5 lM zinc (Fig. 4D) . These observations support the idea that ZrmA is a member of a metal transport system contributing to zinc homeostasis.
ZrmA is the receptor of a zincophore
Although the involvement of outer membrane proteins in the uptake of zinc has been already demonstrated in other bacteria (Stork et al., 2010; Mortensen et al., 2014) , the reason why proteins characterized by a rather large channel should be used for the selective transport of a small ion is not obvious. ZrmA is annotated as a putative siderophore receptor because it shows high sequence identity with outer membrane proteins acting as receptors of molecules such as ferrichrome and enantiopyochelin. This observation suggests that ZrmA could be the receptor of a chelated form of zinc. zrmB, the gene immediately downstream zrmA, encodes for a member of the S-adenosyl-L-methionine-dependent methyltransferase family showing high homology with NAS from plants and other microbial , dry weight). Error bars represent the standard deviation. The asterisks indicate significant differences (95% confidence level) assessed by one-way ANOVA followed by Fisher LSD post hoc test, * p < 0.05, ** p < 0.01. species (Ghssein et al., 2016) . As stated above, NA is a chelator of transition metals, which plays a major role in iron and zinc homeostasis in higher plants. To test the possible involvement of ZrmB in zinc uptake, we have generated a mutant strain deleted of zrmB that maintains an integral zrmA gene. In line with our expectations, this mutant strain exhibits growth defects in VB-MM and in ASM overlapping with those of the zrmA mutant (Supporting Information Fig. S7 ). In addition, the double mutants znuAzrmA and znuAzrmB exhibit identical growth defects, thereby suggesting that the outer membrane protein ZrmA and the putative NAS encoded by zrmB participate in a common pathway of metal uptake.
To test the hypothesis that ZrmB participates to the synthesis of a molecule involved in the uptake of zinc, we grew wild type and different mutant strains defective in zinc uptake in ASM supplemented with the culture supernatant (CS) from the wild type or from the zrmB mutant strains cultivated in the same medium.
Supporting Information Fig. S8A shows that CS from the wild type strain, unlike the one obtained from the zrmB strain, stimulates the growth of the znuAzrmB mutant, but does not promote growth of the znuAzrmA strain. The stimulatory effect of the supernatant from the wild type strain is particularly evident during the first hours of growth (Supporting Information Fig. S8B-C) and is less pronounced after an overnight incubation, likely due to exhaustion of the component used for the transport of zinc. Therefore, similar experiments were repeated by adding to ASM an enriched fraction of the supernatant containing the putative metallophore, obtained by immobilized metal affinity chromatography (IMAC). Figure 5A shows that this fraction stimulates growth of the znuA and zrmB strains, but not of the zrmA mutant. The same fraction was used to carry out a complementation assay. Wild type and znuAzrmA strains containing either a plasmid bearing the zrmA gene (pTZ110-zrmA) or the empty vector (pTZ110) were grown in ASM, in absence (Fig. 5B ) or presence ( Fig. 5C ) of the exogenously added metallophore. We observed that plasmid pTZ110-zrmA promotes the growth of the znuAzrmA strain only when the medium is supplemented with the metallophore, thereby suggesting that deletion of the zrmA gene has a polar effect on the expression on the other genes of the zrmABCD operon. An additional evidence that ZrmB contributes to the synthesis of a metallophore that enters in the cell through ZrmA is reported in Supporting Information Fig. S9 , which shows that wild type P. aeruginosa, but not the A. The P. aeruginosa PAO1 wt (white), znuA (light grey), zrmA (dark grey) and zrmB (black) strains were grown in ASM, in ASM with 0.5% of the IMAC purified extracellular fraction from the zrmB mutant, and in ASM containing 0.5% of the IMAC purified extracellular fraction from wild type PAO1. B, C. Wild type PAO1 (circle) and znuAzrmA (square) mutant strains, complemented with pTZ110 (white symbols) or with pTZ100-zrmA (black symbols), were grown in ASM (B) and in ASM (C) containing 0.5% of the IMAC purified extracellular fraction from wild type PAO1. D. The P. aeruginosa PAO1 wild type (white), znuA (light grey), znuazrmA (dark grey) and znuAzrmB (black) strains were grown in ASM and in ASM supplemented with NA 100 lM. Bacteria were grown at 378C for 18 h and measured as CFU ml 21 due to the viscosity of the medium. Data are means 6 SD of three independent experiments. Statistical analysis was performed by two-way ANOVA and Bonferroni post hoc test, * p < 0.05, ** p < 0.01.
zrmB strain, when growing on VB-MM agar plates releases a molecule that stimulates growth of bacteria possessing a functional zrmA gene.
We also tested the effect on bacterial growth of pure authentic NA at a 100 mM concentration. As shown in Fig. 5D , NA strongly stimulates the growth of the znuAzrmB mutant and, to a minor extent, of the wild type and znuA strains. In contrast, NA does not restore growth of the mutant strain lacking znuA and zrmA. Collectively these results suggest that the zrmB effectively encodes for an enzyme that participates to the synthesis of a molecule structurally related to NA that transports zinc inside the cell through ZrmA. Finally, we have shown that exogenously added NA modulates the expression of zrmA in a mutant strain lacking zrmB in zinc devoid medium (Supporting Information Fig. S10 ).
Zinc uptake has a major role in P. aeruginosa ability to cause acute lung infections
To analyze the contribution of znuA and zrmA to P. aeruginosa virulence, we have compared the ability of wild type and mutant strains to induce death in intratracheally infected C57BL/6 mice. We choose an infectious dose of bacteria that proved to be highly lethal for animals infected with wild type PA14 (Fig. 6A ). Mice infected with an identical dose of znuA or of znuAzrmA mutant strains survived the infection. Interestingly, the single zrmA mutant showed a reduced ability to induce mortality with respect to the wild type strain, suggesting that also this metal uptake system contributes to P. aeruginosa pathogenicity in mice.
To obtain further evidence that disruption of zrmA attenuates P. aeruginosa, we carried out competitive infections in C57BL/6 infected via the intraperitoneal route. Figure 6C shows that the single zrmA mutant is attenuated with respect to the wild type strain. Moreover, the single znuA mutant outcompetes the znuAzrmA strain either in the spleen or in the lung (Fig. 6B) , thereby confirming that ZrmA contributes to the ability of P. aeruginosa to infect mice tissues.
Discussion
Studies carried out in recent years have established that the ability of several pathogens to infect their host is critically dependent on their ability to import zinc. Preliminary observations have indicated that alterations in zinc homeostasis impair virulence of P. aeruginosa (D'Orazio et al., 2015) , but that this microorganism is equipped with redundant mechanisms for zinc acquisition that could contribute to its ability to colonize different environments, including the lung of CF patients. To elucidate , zrmA mutant (᭜), znuAzrmA mutant (D). Statistical analysis was performed using Fisher's exact test (two tailed) for categorical variables, * p < 0.05, ** p < 0.01, *** p < 0.001. B, C. Competition assays in intraperitoneally infected mice. Bacteria were recovered from the spleens and lungs of C57Bl/6 mice infected with the following mixed inocula: znuA mutant vs znuAzrmA mutant (B), and wild type PA14 vs zrmA mutant (C). Bacteria recovered from infected tissues were enumerated in selective agar plates. Unpaired Student's t-test was used to analyze the data, * p < 0.05. the mechanisms used by P. aeruginosa to import zinc, we have analyzed the transcriptional responses of P. aeruginosa PA14 to zinc deficiency. This approach has led to the identification of a metal transport system encoded by the operon PA14_63910-PA14_63960 as a major contributor to zinc import in P. aeruginosa. In fact, the results reported herein show that: (i) this operon is a member of the Zur-regulon and is tightly regulated by the Zur repressor, (ii) this system is induced under conditions of zinc deficiency and is mainly repressed in zinc replete media, (iii) disruption of the first or the second member of the operon decreases the ability of P. aeruginosa to grow in zinc-poor environments and compromises intracellular zinc accumulation in zinc-depleted conditions.
The first gene of this operon encodes for a TonBdependent OMP protein (ZrmA) showing high homology with siderophore uptake systems. Gated porins are characterized by a channel with a large diameter which permits the passage of molecules of large size (Satake et al., 1990; Galdiero et al., 2012) . These observations led us to hypothesize that the use of such a large membrane channel to mediate the import of zinc could be explained by the existence of a zincophore, that is, an organic molecule released by the bacterium to favor zinc uptake. The results reported in this study support this hypothesis. As recently observed (Gi et al., 2015; Ghssein et al., 2016) , the genes following zrmA, encode for a cytoplasmic protein showing significant homology with NAS and for a protein belonging to the DUF2338 family, likely related to octopine dehydrogenase. This suggests that P. aeruginosa synthesizes a molecule structurally related to NA in response to zinc deficiency. In line with this hypothesis, we have observed that CSs or the same supernatants purified by IMAC from wild type P. aeruginosa, but not from a mutant deleted of the zrmB gene encoding for the putative NAS, support the growth of a mutant strain lacking znuA and/or zrmB. The capability to use such a metal transporting molecule is dependent on the expression of a functional ZrmA protein, as the supplementation of the same supernatant does not restore the growth defect of the zrmA and znuAzrmA mutant strain, unless the zrmA gene is reintroduced in the mutant, indicating that this membrane protein is its selective receptor. Similar results were obtained using purified authentic NA. In addition, we have proved that NA modulates the expression of the zrmA gene in the zrmB mutant that is not able to produce the NA-related molecule, thereby confirming that zrmB participates to the production of a molecule whose utilization requires a functional ZrmA protein.
Nicotianamine synthase from plants catalyzes the synthesis of NA by mediating the condensation of three molecules of S-adenosylmethionine (SAM), with the cyclization of one moiety to an azetidine ring. Some studies have demonstrated that microbial NAS are involved in the synthesis of NA-related molecules that may exhibit species-specific chemical features. The archeon Methanothermobacter thermautotrophicus synthesizes a molecule denominated thermonicotianamine, deriving from the condensation of two SAM molecules and a glutamic acid residue (Dreyfus et al., 2009 ). This molecule is very similar to NA, but lacks the azetidine ring. More recently, it has been reported that S. aureus produces a structurally distinct NA-like metallophore, denominated staphylopine, in a reaction involving three different enzymes and substrates (histidine, SAM and pyruvate) (Ghssein et al., 2016) . Some of the genes involved in staphylopine biosynthesis show clear homology with P. aeruginosa ZrmB and ZrmC (Supporting Information Fig. S1 ), suggesting that the two bacterial species synthesize a similar metallophore (Nolan, 2016) . This prediction has recently been confirmed in a report showing that the metallophore from P. aeruginosa differs from staphylopine just for the introduction of a propionate in place of a methyl group (Patent WO 2017077114 A1). It should be noted, however, that the proposed first step in the synthesis of staphylopine involves the racemization of L-His to D-His by an enzyme (CntK), annotated as a diaminopymelate epimerase, that is not present in the zrmABCD operon (Supporting Information Fig. S1 ). P. aeruginosa possesses a gene (PA5278) encoding for a putative diaminopymelate epimerase that, however, shows poor similarity with CntK (Supporting Information Fig. S1E ) and is not regulated by Zur. Therefore, additional studies will be required to characterize the details of the biosynthetic pathway of this metallophore.
Interestingly, as homologues of the zrmABCD operon are present in the vast majority of Pseudomonas genomes, the ability to use plant NA could contribute to the ability of different Pseudomonas species to infect (Mansfield et al., 2012) or establish mutual relationships with plants (Preston, 2004) . It is worth mentioning that a recent study on the effects of zinc limitation on the transcriptome of the beneficial rhizobacterium P. protegens Pf-5 has revealed that the Zur-regulon of this species includes several additional genes that are not present in P. aeruginosa (Lim et al., 2013) . This observation suggests that Pseudomonas species colonizing the rhizosphere are particularly well adapted to respond to conditions of zinc deficiency.
A rather important issue is to understand if the NAlike molecule produced by P. aeruginosa is a zincophore or a metallophore with broad specificity. NA is known to bind different transition metals with high affinity (Curie et al., 2009) and similar low specificity has been reported for staphylopine (Remy et al., 2013; Ghssein et al., 2016) . In line with this trend, we have shown here that the metallophore produced by P. aeruginosa is able to mediate the import of cobalt (Fig. 3E) , supporting the hypothesis that this molecule is able to bind different divalent metals with high efficiency. This result is in good agreement with previous analyses of the metal content of wild type and znuA P. aeruginosa PA14 strains grown in presence or absence of zinc (D'Orazio et al., 2015; Pederick et al., 2015) showing that the znuA strain accumulates significantly higher levels of cobalt than the wild type strain. At the same time, Gi et al. have observed that wild type P. aeruginosa PAO1 accumulates abnormally high levels of iron when bacteria are grown in CF airway mucus secretion (Gi et al., 2015) . Paradoxically, this study revealed that iron accumulation occurs in bacteria even if the genes responsible for pyoverdine production are repressed, whereas the (PA14_63910-63960) genes required for the synthesis, export (ZrmD) and uptake of the NA-like metallophore as well as several other Zur-regulated genes (rpmE2, rpmJ, zbp, dksA2) are induced. We hypothesize that the abnormal accumulation of iron observed in such a study was not functional, but, rather, a side effect of the release of this metallophore under conditions characterized by low zinc availability. To analyze the role of the metallophore in P. aeruginosa metal homeostasis, we have measured the metal content of bacteria grown in VB-MM supplemented with a mixture of transition metals in trace amounts. The data shown in Fig. 3E confirm that the znuA mutant accumulates cobalt in a ZrmA-dependent manner and that both ZnuABC and ZrmABCD contribute to zinc accumulation in environments where this metal is poorly available (Fig. 3A, C) . No significant alterations in the intracellular concentration of other transition metals (Fe, Mn, Cu, Ni) was observed in znuA and zrmA mutant strains (Fig. 3B, D,  F, G, H) . Interestingly, the accumulation of cobalt parallels the effect of this metal on the expression of both the Zur-regulated zinc import systems, zrmA (Fig. 2B) and znuABC (Supporting Information Fig. S4A ). Moreover, cobalt ions, while showing a toxic effect on P. aeruginosa wild type, are able to stimulate growth of the znuAzrmA mutant in environments poor of zinc (Supporting Information Fig. S4B ). Several in vitro studies have shown that cobalt may functionally substitute zinc in several proteins (Donaire et al., 1995) , due to the very similar coordination chemistry of the two elements that have nearly identical atomic radii. Our observations suggest that under conditions of severe zinc paucity P. aeruginosa may use cobalt to partially compensate for the absence of zinc. In this respect, it is worth noting that many of the genes regulated by zinc deficiency in P. aeruginosa encode for proteins showing similarity with proteins involved in cobalamin biosynthesis, but predicted to participate in zinc homeostasis (e.g., the two proteins of the COG0523 family) (Haas et al., 2009; Nairn et al., 2016) . In addition, our experimental data may also explain an apparent inconsistency of the here reported microarray study. In fact, under zinc deficiency conditions, we observed a significant increase in the expression of several genes regulated by Zur and, at the same time, of genes involved in the cellular response to intracellular accumulation of toxic metals (Supporting Information Table S2 ). These include PA14_16660 (encoding a putative cadmium exporting Ptype pump), PA14_61000 (encoding for a putative copper resistance protein) and czcR (a regulator of the response to heavy metals). Increased expression of PA14_16660 in VB-MM was also confirmed by qRT-PCR, but, as expected, this gene proved to be downregulated in bacteria growing in presence of the chelating agent EDTA. These observations suggest that P. aeruginosa growing in VB-MM is starved for zinc, but overexpresses metal extrusion pumps to remove unnecessary and potentially toxic metals imported through a metallophore with low metal selectivity. Although NA and NArelated metallophores scavenge different transition metals with comparable affinity, P. aeruginosa synthesizes this metallophore only in response to conditions of zinc deficiency, indicating that bacteria try to use it as a zincrecruiting molecule. While it has long been known that a large number of microorganisms secrete siderophores, namely, low molecular weight molecules that chelate iron with high affinity, this study shows that P. aeruginosa uses a similar strategy to recruit zinc in environments poor of this metal. A putative zincophore, coelibactin, has been identified also in Streptomyces coelicolor (Hesketh et al., 2009) . Also in this case, the gene cluster involved in the synthesis of the metallophore is controlled by Zur (Kallifidas et al., 2010) . In addition, Y. pestis can use the siderophore yersiniabactin to import zinc under conditions of zinc deficiency (Bobrov et al., 2014; Bobrov et al., 2017) . Therefore, we hypothesis that the Zur-regulated outer membrane proteins (ZnuD) identified in other Gram-negative bacteria (Stork et al., 2010; Hood et al., 2012; Mazzon et al., 2014) could be involved in the acquisition of chelated forms of zinc. Although a mechanism for the acquisition of free, non-chelated zinc by N. meningitidis ZnuD has been recently proposed on the basis of crystallographic and computational analyses, structural data were obtained from a protein crystal obtained in presence of a large excess of zinc (Calmettes et al., 2015) . Other studies could be useful to exclude that this protein is involved in the transport of a chelated form of zinc. Interestingly, previous studies have revealed that zinc represses the cnt genes involved in the synthesis of staphylopine in S. aureus, suggesting that also this system could be used to face conditions of zinc paucity (Remy et al., 2013) .
Whereas the znuAzrmA and the znuAzrmB mutants are significantly impaired in their ability to grow in zinc poor media, P. aeruginosa maintains a not negligible capability to grow in such environments, suggesting that additional mechanisms contribute to the uptake of this metal. Previous studies have suggested the existence of additional zinc importers. For example, Lewinson et al have identified a P-type pump (HmtA) able to mediate the import of copper and zinc (Lewinson et al., 2009) and a recent transcriptome analysis carried out on PAO1 has identified additional putative metal transport systems contributing to zinc homeostasis (Pederick et al., 2015) . However, it should be noted that we have analyzed the changes in gene expression in wild type PA14 grown in media characterized by differences in zinc content, whereas Pederick et al have compared the transcriptional response of wild type PAO1 to that of a znuA mutant strain under conditions of zinc deficiency. This latter approach has likely highlighted the backup responses favoring metal import in a genetic background where zinc homeostasis is seriously compromised by the absence of a functional ZnuABC transporter. Our data contribute to complete the picture supporting the hypothesis that ZnuABC and the release of a NA-like metallophore are the two most important systems that favor zinc uptake in P. aeruginosa.
A relevant finding emerging from this study is that in spite of the ability of Pseudomonas to grow in zinc poor environments, inactivation of znuA and, to a lesser extent, of zrmA markedly reduces the capacity of P. aeruginosa to cause acute lung and systemic infections in mice. Some clues deriving from our studies suggest that this relevant loss of pathogenicity cannot be solely explained by a reduced ability of P. aeruginosa to grow in tissues containing low levels of available zinc, but could be correlated with the downregulation of virulence-related pathways caused by zinc dyshomeostasis. This hypothesis is based on the observation that several genes related to virulence (including phzE1, pvdA, pvdR, fliO, toxR, hsiC2, see Table 1 and Supporting Information Table S1 ) are downregulated in bacteria grown under zinc deficiency. Moreover, inactivation of znuA and zrmA largely impairs the transcription and release of active proteases in the extracellular milieu, including the zinc-dependent Las protease (Fig. 4) . These observations well correlate with the finding that zinc deficiency also affects the release of Protease IV (D'Orazio et al., 2015) , whose expression is regulated by a pyoverdine-dependent virulence pathway (Lamont et al., 2002) . This pathway includes genes that are poorly expressed in bacteria starved for zinc, including various genes involved in the synthesis and uptake of pyoverdine and toxR, encoding for a regulator of exotoxin A production. In support to a possible interconnection between zinc homeostasis and pyoverdine production, we have observed that the znuAzrmA mutant shows reduced pyoverdine release and that pvdS expression is stimulated by zinc (Supporting Information Fig. S11 ). Additional investigations are necessary to elucidate the molecular mechanisms linking zinc availability to the expression of the pyoverdine signaling pathway, but other studies have already established that zinc stimulates pyoverdine production (Hofte et al., 1993) .
The reduced virulence of mutants lacking zrmA indicates that this NA-like metallophore contributes to metal uptake in the infected animal. This finding, in good agreement with recent results (Gi et al., 2015) , well correlates with a retrospective analysis of published genome wide gene expression studies. This analysis, indeed, reveals that genes belonging to zrmABC operon (as well as other Zur-regulated genes) are among the most highly expressed genes in bacteria recovered from the CF sputum (Son et al., 2007) or from infected wounds (Bielecki et al., 2013) , are highly induced in synthetic sputum (Palmer et al., 2005) and in airway surface mucus (Gi et al., 2015) and have a role in early CF infections (Beckmann et al., 2005) . These observations, along with the results reported in this work, suggest that the mechanisms involved in the acquisition of zinc have a so far unsuspected importance in determining the virulence of P. aeruginosa and highlight zinc homeostasis as a very interesting target to control bacterial pathogenicity.
Experimental procedures

Reagents
Antibiotics, 2-nitrophenyl b-D-galactopyranoside (ONPG), ethylendiaminetetraacetic acid disodium salt (EDTA), chemicals for the ASM, metals and substrates for proteases assays were purchased from Sigma Aldrich. Pure nicotianamine was obtained from Santa Cruz Biotechnology. Restriction endonucleases and T4 DNA ligase were purchased from New England Biolabs. High fidelity DNA polymerase Expand was obtained from Roche Diagnostics, GmbH (Mannheim, Germany). All other chemicals were purchased from VWR International. Oligonucleotides were synthesized by Eurofins Genomics (Milan, Italy).
Bacterial strains, plasmids and growth media
The strains and plasmids used in this study are listed in Supporting Information Table S4 . P. aeruginosa strains were routinely grown at 378C in Luria-Bertani (LB) broth (10 g Bacto tryptone per liter, 5 g yeast extract per liter, Metallophore-mediated zinc uptake in Pseudomonas aeruginosa 555 10 g NaCl per liter). Staphylococcus aureus SH1000 (Horsburgh et al., 2002) was grown at 378C in brain heart infusion broth. Zinc limiting conditions were obtained using the VB-MM E (0.04 g anhydrous MgSO 4 per liter, 2 g citric acid per liter, 10 g anhydrous K 2 HPO 4 per liter, 3.5 g NaNH 4 HPO 4 -4H 2 O per liter, 2 g glucose per liter) (Vogel and Bonner, 1956) , by adding EDTA to growth media (either LB or VB-MM), or using the ASM (Kirchner et al., 2012) (5 g mucin from pig stomach mucosa per liter, 4 g low molecular-weight salmon sperm DNA per liter, 5.9 mg diethylene triamine pentaacetic acid per liter, 5 g NaCl per liter, 2.2 g KCl per liter, 1.81 g Tris base per liter, 5 g Casamino acids per liter, 5 ml egg yolk emulsion per liter). To minimize zinc contaminations, VB-MM was prepared in disposable plastic containers and sterilized by filtration in Vacuum Filter-Storage Bottle Systems, 0.22 lm (Corning). The quality of each VB-MM batch was verified as previously described (D'Orazio et al., 2015) .
Antibiotics were used at the following concentrations: for E. coli, 100 lg ml 21 ampicillin, 80 lg ml 21 kanamycin, 10 lg ml 21 tetracycline and 100 lg ml 21 carbenicillin; for P. aeruginosa 100 lg ml 21 gentamicin, 100 lg ml 21 tetracycline and 300-500 lg ml 21 carbenicillin.
RNA extraction and analysis
RNA was extracted from bacteria cultured overnight in VB-MM, using the RNAeasy kit (Qiagen) according to the manufacturer's protocol, with the addition of DNase (Qiagen) and using lysozime. The concentration, purity and integrity of RNA extracted were determined with a Nanodrop ND1000 spectrophotometer (NanoDrop Technologies) and with an Agilent Bioanalyzer (Agilent Technologies). RNA samples showed a 260/280 ratio comprised between 2.07 and 2.25 an rRNA (23S/16S) ratio of 1.5 and a RNA integrity number close or equal to 10. Three independent replicates for each of two experimental conditions designated (VB-MM and VB-MM with 3 lM Zn) were prepared.
Microarray analysis
Microarray and statistical analysis were performed by MYcroarray (Ann Arbor, MI, USA). Ten micrograms of total RNA were converted to enriched mRNA using Applied Biosystem's (Ambion) MicrobExpressTm Kit, according to the manufacturer's protocol. MicrobExpress Extension Capture Oligos were used in addition to the capture oligos provided with the kit. Enriched mRNA was analyzed by the Agilent 2100 Bioanalyzer. RNA (1000 ng) was converted to amino allyl conjugated cRNA using Life Technologies (Ambion) MessageAmp TM II-Bacteria aRNA Amplification Kit, according to standard procedures. The amine reactive fluorescent dye Alexa Fluor 555 (Life Technologies) was coupled to 60 lg of aa-cRNA following the manufacturer's instructions. Unincorporated dye was removed using RNeasy Mini Columns (Qiagen). The Qiagen's quick clean-up protocol was followed. Fluorescent dye labeled cRNA was fragmented using heat and Zn cations. Hybridizations were carried out with 30K P. aeruginosa UCBPP PA14 oligonucleotide arrays. Hybridization to the arrays was performed using Agilent gasket slides and incubation at 458C in 6X SSPE (0.9 M NaCl, 36 mM NaH 2 PO 4 , 24 mM Na 2 HPO 4 , 6 mM EDTA), 10% Formamide (Sigma), 0.01% Tween-20 (Sigma) and 5.5 ll (0.1 lg ll
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) fluorescently labeled control oligos (proprietary sequences for hybridization to MYcroarray QC probes). Two hybridizations were successfully carried out. Labeled extract (per array) of15 lg was used in the first hybridization (indicated as 1 in Supporting Information Table  S1 ) and 9 lg (per array) in the subsequent one (indicated as 2 in Supporting Information Table S1 ). After 18 h of incubation the slides were washed several times in 1X SSPE (248C) and scanned using Axon GenePix 4000B scanner (Molecular Devices) at 5 micron resolution. Signal intensity values were extracted from scanned images using the GenePixV R Pro 6 software (Molecular Devices). Before data extraction, the images were carefully reviewed to assess individual feature quality and any feature observed to have a technical issue (i.e., occlusion by dust, bubble or deposit or other issue) was manually flagged 'bad' (-100 in the 'flags' field in the results file). In the present study 305 out of 351,060 spots were designated as 'bad'. Following data extraction, the information was stored in a tab delimited GenePix Pro Results file. After background correction data were normalized using the Quantile algorithm. Differential gene expression between the two samples groups (P. aeruginosa PA14 in Zn devoid and Zn repleted medium) was evaluated by unpaired t-test on the log 2 transformed mean data. Genes having a Student's t-test p value < 0.05 or less were evaluated further. For each gene, a fold change ratio between two experimental conditions was calculated. If the fold change ratio was greater than 1.5 (or less than 0.66), the gene was considered to meet the criteria for differential expression. The lower number of 'good' spot signals from the second hybridization was lower compared to the first hybridization. Low average 'good' spot signal is the likely consequence of the use of a lower amount of labeled target. Microarray expression patterns were validated using real-time PCR.
Real time-PCR analysis cDNA was synthesized starting from 2.5 mg of the same RNA samples used for the microarray analysis. After heating at 658C for 2 min, the RNA was incubated for 90 min at 378C in a final volume of 25 mL in the presence of 0.4 mM each dNTP (Euroclone, Milan -Italy), 20 U ribolock RNase inhibitor (Thermo Scientific, Milan -Italy), 0.5 mg random hexamer primers (Invitrogen, Milan -Italy), 200 U moloney murine leukemia virus reverse transcriptase (Promega, Italy), 1X enzyme buffer and 10 mM Dithiothreitol.
Real time PCR reactions were performed in 20 mL reaction mixtures that contained: 50 ng cDNA, 0.2 mM of each primer (below described) and 50% SYBR green (Kapa SYBR Fast qPCR kit; Kapa Biosystems, Woburn, MA, USA). Amplification was done using a Biorad (IQ5) thermocycler with the following parameters: (i) initial denaturation at 958C for 4 min; (ii) 40 cycles of denaturation at 958C for 20 s, primer annealing at 608C for 30 s and extension at 728C for 30 s; (iii) production of disassociation curve, from 50 to 908C (rate: 0.58C every 5 s), for the verification of the results. Primers used for qRT-PCR were designed using Primer3 (Koressaar and Remm, 2007) and reported in Supporting Information Table S5 . The relative amount of mRNA for each gene was determined using the 2 -DDCt formula, where the threshold cycle (Ct) of the target gene measured in the treated sample is normalized with respect to the internal reference gene (rpoD or oprI, DCt) and to the respective value obtained in the control cells (DDCt), that was considered as unit (100%).
Mutant strains construction
Selective gene deletions were obtained using the gene replacement method described by Hoang et al. (1998) , following the same strategy recently used to generate znuA mutants (D'Orazio et al., 2015) . The primers used to amplify the DNA fragments surrounding the chromosomal regions to be deleted to generate mutant strains lacking zrmA or zrmB genes are listed in Supporting Information Table S6 . To remove the gentamicin resistance marker introduced during the mutagenesis procedure, mutant strains have been transformed with plasmid pFLP2 (Hoang et al., 1998) , which contains the gene for the Flp recombinase. pFLP2-containing P. aeruginosa colonies were selected on PIA agar plates containing carbenicillin (500 lg ml
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). Subsequently, gentamicinsensitive colonies were identified by growing bacteria on PIA agar containing 5% sucrose. The deletion of the gene of interest and the loss of the antibiotic resistance cassette was confirmed by PCR analyses. All mutations were introduced both in PAO1 and PA14 strains.
Cloning of P. aeruginosa PA14_63960 gene
To complement the zrmA deletion, the PA14_63960 gene was cloned into the multicopy plasmid pTZ110. A 2Kb HindIII/SacI fragment containing the zrmA coding sequence and its promoter region was amplified by PCR from PA14 chromosomal DNA, using primers 63960_1 and 63960_8 (Supporting Information Table S6 ). The HindIII/SacIdigested PCR fragment was ligated into pTZ110, obtaining plasmid pTZ110-zrmA. The resulting plasmid was then transferred into wild-type and mutant P. aeruginosa strains by triparental mating. Colonies carrying pTZ110-zrmA were selected on PIA containing carbenicillin (500 lg ml
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).
Construction of lacZ fusions and b-galactosidase activity assay
Plasmid pTZ110 carrying a promoterless lacZ gene was used to obtain promoter-lacZ reporter fusion of either the zrmA (PA14_63960) gene, with primers 63960_1 and 63960_2 or the pvdS gene with primers pvdS_1 and pvdS_2, as described previously (D'Orazio et al., 2015) . The two plasmids were designed pzrmApTZ110 and ppvdSpTZ110 respectively. The primers used are reported in Supporting Information Table S6 . The fusion was subsequently transferred to the wild-type and mutant strains by triparental mating (Figurski and Helinski, 1979) . The positive clones for the acquisition of the fusion were selected on selective medium for Pseudomonas (PIA) containing the antibiotic carbenicillin and b-galactosidase activity was measured by standard procedures (Miller, 1972) .
Metallophore purification from P. aeruginosa PA14
The metallophore was isolated from the CS of P. aeruginosa PA14 grown in ASM medium. Wild type and zrmB strains (200 ml of bacterial culture) were grown 18 h at 378 C, centrifuged at 4800 g for 20 min, and the supernatants were collected and filtrated in 500 ml Vacuum FilterStorage Bottle System, 0.22 lm (Corning). The pH of the supernatants was adjusted to 2.0 using HCl to induce protein denaturation and aggregation. After 2 h at 48 C, precipitated proteins were removed by centrifugation at 120,000 g for 40 min. Then, the pH of supernatants was adjusted to pH 8.0 and NaCl was added to a concentration of 300 mM. The metallophore was separated from other metabolites by IMAC using prepacked HisTrap FF 1 ml columns precharged with nickel (G.E. Healthcare Life Sciences) previously equilibrated with 20 mM Hepes, 300 mM NaCl, pH 8.0. The columns were washed twice with 1 ml of the same buffer and then elution of the metallophore was obtained by washing the columns with 1 ml of an acidic buffer (20 mM Hepes, 50 mM NaCl, pH 4.5). The final flowthroughs were directly used in bacterial feeding assays.
Analyses of bacterial growth under low zinc availability P. aeruginosa cultures grown overnight in VB-MM were diluted 1:1000 in the same medium with or without 10 lM EDTA and supplemented or not with 5 lM ZnSO 4 . Bacterial growth was monitored using a microtiter-plate reader (Sunrise TM Tecan), following OD changes at 595 nm (D'Orazio et al., 2015) . For growth experiments in ASM medium, overnight cultures in LB broth were diluted to an OD 600 of 0.001 in ASM with or without 20 lM ZnSO 4 . Bacterial cells were then grown at 378C for 18 h.
For feeding assay, CSs were obtained from P. aeruginosa wt and zrmB strains grown in ASM medium at 378C with shaking and filter sterilized. Pseudomonas wild type or mutant strains were then grown in ASM containing 20% CSs and incubated at 378C for 18 h. A more accurate feeding assay was obtained adding the metallophore of P. aeruginosa isolated by IMAC, bacterial cultures were grown in ASM supplemented with 0.5% extracellular metabolites from wild type or zrmB mutant strains, obtained by IMAC. Considering the turbidity and complexity of the ASM, bacterial growth in ASM was monitored by determining the Colony Forming Units (CFU) counts on PIA plates.
Inductively coupled plasma mass spectrometry analysis
Wild type PA14, znuA, zrmA and znuAzrmA strains were grown in either standard Vogel-Bonner minimal medium, or in the same medium containing a cocktail of transition metals in trace amounts (0.2 lM ZnSO 4 and 0.1 lM FeSO 4 , NiSO 4 , Co(NO 3 ) 2 , CuSO 4 and MnCl 2 ) with or without 5 lM EDTA. Cultures were grown for 18 h at 378C in 50 ml Metallophore-mediated zinc uptake in Pseudomonas aeruginosa 557 polypropylene tubes. Aliquots of 10 ml of cell cultures were collected, centrifuged at 18,000 g for 5 min and then the pellet was washed with 10 ml of phosphate buffer saline (PBS) containing 1 mM EDTA to remove excess metals. Metal content in bacterial pellets was determined by ICP-MS essentially as described in previous works (Ciavardelli et al., 2011; Ciavardelli et al., 2013; D'Orazio et al., 2015) .
Statistical differences between the measured element concentrations was evaluated by one factor ANOVA. Fisher post hoc test was used to perform pairwise multiple comparisons. p-values less than 0.050 were considered statistically significant. Statistical analysis was performed with Statistica 6.0 (StatSoft Inc., Tulsa, OK) software.
Protease assays
Culture supernatants, obtained from a 6.0 ml culture of P. aeruginosa grown at 378C in LB or VB-MM, were treated as described previously (D'Orazio et al., 2015) . Total proteolytic activity was quantified using azocasein as substrate, as previously described (Kessler et al., 1992; Olson and Ohman, 1992) with minor modifications (D'Orazio et al., 2015) . The assay mixture was incubated at 378C for 60 min, with or without 10 lM ZnSO 4. The absorbance at 415 nm was measured by a microtiter-plate reader (Sunrise TM Tecan). Staphylolytic activity of supernatant samples of P. aeruginosa strains was determined by monitoring the decrease in absorbance at 595 nm of a heat-killed Staphylococcus aureus suspension (Kessler et al., 1997; Caballero et al., 2001; D'Orazio et al., 2015) , using a microtiter-plate reader (Sunrise TM Tecan).
Mouse infection studies
Seven weeks C57Bl/6 male mice were obtained from Charles River and acclimatized for a minimum of 1 week before use. Mice were housed in sterile ventilated cages under controlled conditions (40-60% humidity, 20-228C temperature), with a 12 h light/dark cycle. Infections were carried out with P. aeruginosa strains cultured in VB-MM to exponential phase (optical density at 600 nm approx. 0.5) and diluted in sterile PBS at the appropriate concentration. Lung infections were carried out with mice anesthetized with 2.5% avertin (2,2,2-tribromethanol, 97%; Sigma Aldrich) dissolved in 0.9% NaCl. Groups of ten animals were used to detect a difference between groups with a 90% power and an alfa error equal 0,05 as assessed by Chi square analysis. No randomization or blinding methods were applied and results from all animals were included in the reported analysis. Animals were intubated with a 22 gauge venous catheter and inoculated with 5 3 10 6 CFU into both lung lobes. Careful attention was used to minimize zinc contaminations during the infectious procedures. After infection, mortality and body weight were monitored for four days after infections. Statistical analysis was performed using Fisher's exact test (two tailed) for categorical variables.
Competition assays were carried out using groups of 5 animals that were inoculated intraperitoneally with 0.2 ml of PBS containing 2 3 10 6 CFU. The competitions were carried out using a gentamicin sensitive znuA strain and a gentamicin resistant znuAzrmA strain, or a gentamicin sensitive wild type and a gentamicin resistant zrmA strain. Animals were sacrificed 18 h after the infection and the bacteria present in homogenized spleens and lungs were plated on PIA plates to identify single colonies. Afterwards a few hundred colonies were picked on selective PIA plates containing or not 100 lg ml 21 of gentamicin. The competitive index (CI) was calculated using the formula CI 5 output (strain A/strain B)/input (strain A/strain B).
Ethics statement
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Data analysis
Data are expressed as mean 6 standard deviation (SD). Two tailed Student's t test and one-way or two-way ANOVA were used to compare samples following normal distribution. Bonferroni post hoc test was used after one-way or two-way ANOVA where appropriate. A p value < 0.05 was considered statistically significant. carried out ICP-MS analyses: BC and PP performed animal infection studies; AB, conceived and coordinated the study and wrote the article. All the authors discussed the results and commented on the manuscript.
Data reporting
Microarray data have been deposited in ArrayExpress with the accession number E-MTAB-4998.
